Rosenfeld CR, DeSpain K, Liu X-t. Defining the differential sensitivity to norepinephrine and angiotensin II in the ovine uterine vasculature. Am J Physiol Regul Integr Comp Physiol 302: R59-R67, 2012. First published October 26, 2011 doi:10.1152/ajpregu.00424.2011The intact ovine uterine vascular bed (UVB) is sensitive to ␣-agonists and refractory to angiotensin II (ANG II) during pregnancy; the converse occurs in the systemic circulation. The mechanism(s) responsible for these differences in uterine sensitivity are unclear and may reflect predominance of nonconstricting AT2 receptors (AT2R) in uterine vascular smooth muscle (UVSM). The contribution of the placental vasculature also is unclear. Third generation and precaruncular/placental arteries from nonpregnant (n ϭ 16) and term pregnant (n ϭ 23) sheep were used to study contraction responses to KCl, norepinephrine (NE), and ANG II (with/without ATR specific inhibitors) and determine UVSM ATR subtype expression and contractile protein content. KCl and NE increased third generation and precaruncular/ placental UVSM contractions in a dose-and pregnancy-dependent manner (P Յ 0.001). ANG II only elicited modest contractions in third generation pregnant UVSM (P ϭ 0.04) and none in precaruncular/placental UVSM. Moreover, compared with KCl and NE, ANG II contractions were diminished Ն 5-fold. Whereas KCl and ANG II contracted third generationϾϾprecaruncular/placental UVSM, NEinduced contractions were similar throughout the UVB. However, each agonist increased third generation contractions Ն 2-fold at term, paralleling increased actin/myosin and cellular protein content (P Յ 0.01). UVSM AT 1R and AT2R expression was similar throughout the UVB and unchanged during pregnancy (P Ͼ 0.1). AT 1R inhibition blocked ANG II-mediated contractions; AT 2R blockade, however, did not enhance contractions. AT 2R predominate throughout the UVB of nonpregnant and pregnant sheep, contributing to an inherent refractoriness to ANG II. In contrast, NE elicits enhanced contractility throughout the ovine UVB that exceeds ANG II and increases further at term pregnancy. placental artery; systemic artery; actin/myosin; angiotensin II receptors; ␣-agonists OVINE PREGNANCY IS ASSOCIATED with numerous cardiovascular changes (43, 48), including a Ͼ30-fold rise in uterine blood flow (UBF) and Ͼ40% increase in cardiac output. Additionally, there is development of refractoriness to the pressor effects of infused norepinephrine (NE) and angiotensin II (ANG II) in women and sheep (44, 49, 53) . Although the ovine uterine vascular bed (UVB) also develops refractoriness to these agonists during pregnancy (32, 49), Naden and Rosenfeld (36) reported that the intact pregnant ovine UVB was more refractory to the vasoconstricting effects of ANG II than the systemic vasculature. Thus, blood pressure increased in the absence of significant decreases in uteroplacental blood flow (UPBF). In contrast, the UVB was quite sensitive to ␣-agonists, which decreased ovine UPBF at nonpressor doses, demonstrating differences in ovine uterine and systemic sensitivity to NE and ANG II (32, 40, 47) . Similar observations have been reported in women (19 -21). The mechanisms responsible for the differences within the UVB and between the uterine and systemic vasculature remain unclear. Magness et al. (30, 31) suggested that increases in basal and ANG II-mediated synthesis of endothelium-derived prostacyclin (PGI 2 ) and/or nitric oxide (NO) contribute to the attenuated ANG II contractions in the pregnant ovine UVB. Alternatively, the pregnancy-related rise in plasma ANG II levels could decrease ANG II receptor (ATR) expression and/or binding and alter vascular responsiveness (29, 32). However, total or nonspecific ATR binding density is unchanged in uterine and systemic vascular smooth muscle (VSM) during ovine pregnancy (28, 41).
placental artery; systemic artery; actin/myosin; angiotensin II receptors; ␣-agonists OVINE PREGNANCY IS ASSOCIATED with numerous cardiovascular changes (43, 48) , including a Ͼ30-fold rise in uterine blood flow (UBF) and Ͼ40% increase in cardiac output. Additionally, there is development of refractoriness to the pressor effects of infused norepinephrine (NE) and angiotensin II (ANG II) in women and sheep (44, 49, 53) . Although the ovine uterine vascular bed (UVB) also develops refractoriness to these agonists during pregnancy (32, 49) , Naden and Rosenfeld (36) reported that the intact pregnant ovine UVB was more refractory to the vasoconstricting effects of ANG II than the systemic vasculature. Thus, blood pressure increased in the absence of significant decreases in uteroplacental blood flow (UPBF). In contrast, the UVB was quite sensitive to ␣-agonists, which decreased ovine UPBF at nonpressor doses, demonstrating differences in ovine uterine and systemic sensitivity to NE and ANG II (32, 40, 47) . Similar observations have been reported in women (19 -21) . The mechanisms responsible for the differences within the UVB and between the uterine and systemic vasculature remain unclear.
Magness et al. (30, 31) suggested that increases in basal and ANG II-mediated synthesis of endothelium-derived prostacyclin (PGI 2 ) and/or nitric oxide (NO) contribute to the attenuated ANG II contractions in the pregnant ovine UVB. Alternatively, the pregnancy-related rise in plasma ANG II levels could decrease ANG II receptor (ATR) expression and/or binding and alter vascular responsiveness (29, 32) . However, total or nonspecific ATR binding density is unchanged in uterine and systemic vascular smooth muscle (VSM) during ovine pregnancy (28, 41) .
Two major ATRs exist in large mammals. AT 1 R predominate in adult VSM and mediate ANG II-induced contractions (7, 25) . AT 2 Rs (derived from a separate gene product encoded on the X-chromosome) do not mediate VSM contractions, are predominantly expressed in fetal tissues, including VSM, and are downregulated after birth (14, 22, 25) . However, AT 2 R remain the predominant receptor in reproductive tissues in women and ewes, accounting for Ͼ85% of binding in proximal nonpregnant and pregnant human and ovine uterine VSM (UVSM; 13, 15, 18) . Cox et al. (16, 17) suggested AT 2 R predominance in UVSM resulted in the attenuated contractile responses to infused ANG II, and ANG II-mediated release of ␣-agonists accounted for the UVSM contractions during systemic ANG II infusions. To date, there are few studies comparing UVSM ATR subtype expression and ANG II-mediated contractions across gestation and within the UVB, especially in the maternal placental circulation (8, 46) . Thus, the distribution of UVSM ATR subtype expression within the UVB is unclear, and the role of AT 2 R activation in the attenuated uterine responses to infused ANG II in large mammals is controversial (5, 8, 10, 16, 27 ).
The purpose of the present study was to quantify and compare VSM function, in particular, responses to the ␣-agonist NE and ANG II, in proximal uterine arteries from nonpregnant and term pregnant sheep and in precaruncular (nonpregnant) and placental (pregnant) VSM, and determine VSM ATR subtype expression during pregnancy and within the UVB. We postulated UVSM contractile responses to ANG II would be attenuated due to the predominance of AT 2 R expression, while responses to NE would be greater in the proximal UVB and decreased in the placental vasculature.
MATERIALS AND METHODS
Tissue preparation. Third generation uterine and precaruncular/ placental arteries were collected from 16 nonpregnant and 23 term pregnant ewes (142-149 days; term ϳ150 days). The nonpregnant animals were randomly selected; 10 were in the luteal phase of the ovarian cycle at the time of tissue collection (26) . Four additional nonpregnant ewes were ovariectomized under general anesthesia, allowed to recover without estrogen replacement, and third generation uterine and posterior popliteal arteries were collected at 7 days. Animals were euthanized with intravenous pentobarbital sodium (100 mg/kg). In pregnant animals, the euthanized fetuses were quickly delivered, and the intact uteri removed. The uterine arterial tree was carefully dissected starting with the main uterine artery, i.e., first generation. A 2.5-to 3.0-cm segment of third generation uterine artery, which served as a proximal artery, was dissected from nonpregnant and pregnant uteri, placed in physiological salt solution (PSS; in mM: 120.5 NaCl, 4.8 KCl, 1.2 MgSO 4, 1.2 NaH2PO4, 20.4 NaHCO3, 1.6 CaCl2, 10 dextrose, 1.0 pyruvate) at room temperature. The uterine arteries distal to the third generation were carefully dissected to the fifth and sixth generation to identify the precaruncular Fig. 1 . KCl dose-response curves generated by endothelium-denuded third generation (A) and precaruncular/placental (B) arteries from nonpregnant (□, ) and term pregnant ( , ' ) sheep. Responses by nonpregnant and term pregnant arteries are dose-and pregnancy-dependent, pregnant stresses exceeding nonpregnant (P Ͻ 0.04, 2-way ANOVA, n ϭ 5-7/group). *Significant dose differences between nonpregnant and term pregnant arteries (P Ͻ 0.05). When contractile responses within the uterus of nonpregnant and term pregnant sheep were assessed, third generation vascular rings exhibited greater responses to KCl than either precaruncular or placental rings, respectively (P Ͻ 0.008, 2-way ANOVA). Data are means Ϯ SE. (Յ1 mm diameter) and placental (ϳ1 mm diameter) arteries proximal to their insertion into caruncles and placentomes in nonpregnant and pregnant ewes, respectively. Segments 2-to 2.5-cm long were placed in PSS at room temperature. Carotid VSM expresses Ͼ 96% AT 1R; thus, carotid arteries were collected from four pregnant animals in the last third of pregnancy to compare ANG II-induced contractions by peripheral VSM and UVSM (8, 15, 33) . The remaining third generation and precaruncular/placental arteries were placed in iced PBS (8 mM Na 2HPO4, 137 mM NaCl, pH 7.5), opened along the long axis, and the endothelium removed with a soft cotton swab, blotted dry to remove excess fluid, frozen in liquid nitrogen, and stored at Ϫ80°C (3, 24) . These studies were approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center.
Force measurements. Samples of uterine (third generation and precaruncular/placental) and peripheral arteries (carotid and popliteal) were transported to the laboratory to study VSM function. Consecutive 3-to 4-mm rings were cut from a single segment. Since we were primarily interested in studying differences in VSM force generation, and in particular, the effects of NE and ANG II, the endothelium was removed by rotating the end of ophthalmologic forceps in the lumen. This was verified histologically in random samples (24) . It should be noted that AT 1R are expressed in ovine uterine artery endothelium, upregulated in pregnancy, and mediate endothelial PGI2 and NO synthesis in uterine arteries from pregnant sheep (6, 31, 52) . Thus, leaving the endothelium intact would have complicated any assessment of VSM function. Each ring was placed on a stirrup attached to a transducer to measure force generation in a 25-ml chamber. After a 30-min equilibration period, rings were progressively stretched to obtain optimal length (L o), determining forces with 65 mM KCl (24) . Dose-response curves were constructed at Lo for each ring using cumulative doses of KCl (10 -120 mM) to determine nonreceptormediated responses and NE (10 Ϫ8 to 10 Ϫ4 M; Sigma-Aldrich, St. Louis, MO) to examine ␣-receptor-mediated contractions. ANG II dose-responses were generated using four doses (10 Ϫ8 to 10 Ϫ5 M; Sigma-Aldrich) with eight rings, but only one dose per ring performed Fig. 3 . ANG II dose-response curves generated by endothelium-denuded third generation (A) and precaruncular/placental (B) arteries from nonpregnant (□, ) and term pregnant ( , ' ) sheep. Only third generation pregnant arteries demonstrated a dose effect (P ϭ 0.02, 2-way ANOVA, n ϭ 6) that differed significantly from nonpregnant (P ϭ 0.03, ANOVA). There was no dose-or artery effect in either precaruncular or placental arteries, which did not differ. When contractile responses to ANG II were assessed within the uterus of nonpregnant and term pregnant sheep, responses by term and nonpregnant third generation arteries exceeded placental and precaruncular artery responses (P Յ 0.04, 2-way ANOVA). Data are means Ϯ SE. Fig. 4 . Comparison of dose-response curves by endothelium-denuded (A) third generation and (B) placental arteries from term pregnant sheep to norepinephrine (, n ϭ 6) and angiotensin II (OE, n ϭ 8 -9/dose). Norepinephrine elicited a dose-effect in third generation and placental arteries that did not differ (P ϭ 0.9), but was greater than ANG II responses (P Յ 0.008, 2-way ANOVA). *Significant dose differences between norepinephrine and angiotensin II (*P Ͻ 0.001). Data are means Ϯ SE. in duplicate to remove the effects of tachyphylaxis seen in preliminary studies. Since there may be an interaction between simultaneous AT 1R and AT2R activation in VSM (5, 10, 33), we also determined whether AT2R inhibition enhanced AT1R-mediated contractions in denuded uterine and carotid arteries from pregnant sheep and endothelium-intact uterine and popliteal arteries from nonpregnant sheep. The latter allowed us to determine whether the endothelium contributed to the regulation of AT 1R-induced contractions. We used the AT1R and AT2R inhibitors losartan (10 Ϫ5 M; Sigma-Aldrich) and PD123,319 (10 Ϫ5 M; Sigma-Aldrich), respectively, in the presence of ANG II (10 Ϫ8 to 10 Ϫ5 M). ATR inhibitors were added to the water bath, incubated for 30 min, and a dose of ANG II was added. Data were recorded on an electronic data acquisition system (ACQuire; Gould Systems, Valley View, OH). At completion of studies, vessels were fixed in formalin, and length and medial width were measured. Data are expressed in Newtons/m 2 generated at Lo, which permits a comparison between arteries, across pregnancy, and between agonists.
Protein analysis. Annibale et al. (1, 2) reported that ovine pregnancy is associated with proximal uterine artery remodeling, increased myosin and enhanced contractility with KCl and NE, which is also seen in pregnant rats (38) . However, ANG II was not examined. Samples of frozen endothelium-denuded arteries (50 mg) were weighed and homogenized in 40ϫ volumes of SDS buffer containing 2% SDS, 20% sucrose, and 0.4 M Tris (pH 6.8) as previously reported (3, 24) . Homogenates were divided into two aliquots. The first was used to measure the total homogenate protein content, which includes cellular and noncellular components. The second was centrifuged at 10,000 g for 2 min, and the supernatant was removed to measure soluble or cellular protein. Total and soluble protein concentrations were measured using a BCA Protein Assay Reagent Kit (Pierce, Rockfort, IL). To directly measure actin and myosin contents, bromophenol blue and 2-mercaptoethanol were added to aliquots of supernatant from each artery, and 20 g of soluble protein was subjected to SDS-PAGE using 4 -20% polyacrylamide minigels as described (3, 24) . Gels containing molecular mass standards to confirm relative mobility were subjected to electrophoresis at 150 V until the dye front had run off the gel for 10 min and were stained overnight with Coomassie brilliant blue and destained to remove background staining. The fractions of Coomassie blue-stained protein accounted for by actin (42 kDa) and total myosin (200 -204 kDa) were scanned and analyzed with TotalLab software package (Biosystematica; Sarnau, Wales, UK). Protein fractions are expressed as g/mg of wet weight.
Immunoblot analysis. ATR subtype expression has not been examined in maternal precaruncular or placental VSM and compared with proximal UVSM or with each other. There also is debate about ATR subtype regulation in UVSM in pregnancy (8, 15) . Since AT 1R are expressed in ovine uterine artery endothelium and UVSM (6, 52), we used denuded arteries to determine VSM expression and examine its relationship to contractile responses. We also did side-by-side comparisons of subtype expression in carotid and third generation uterine VSM to show differences (15) . At the time of assay, SDS homogenates were prepared from 15-20 mg samples of the arteries of interest as described above, and 20 g of soluble protein was loaded for all samples and subjected to electrophoresis in 10% polyacrylamide gels and transferred to nitrocellulose paper (Amersham Pharmacia Biotech, Piscataway, NJ) (14) . Immunoblots were blocked in buffer containing powdered milk (5% wt/vol) and incubated overnight at 4°C with antiserum against AT 1R (1:500; N-10, Santa Cruz Biotechnology, Santa Cruz, CA) or AT2R (1:500; ab 19134; Abcam, Cambridge, MA or a gift from S. J. Fluharty, Univ. of Pennsylvania School of Veterinary Medicine, Philadelphia, PA). The nitrocellulose paper was incubated with donkey anti-rabbit IgG conjugated with affinity purified horseradish peroxidase diluted at 1:5,000 with TTBS. Regions containing receptor proteins were visualized by enhanced chemiluminescence. Densitometry was performed, and values are expressed as arbitrary units. Ovine umbilical artery smooth muscle obtained at 145 and 116 days of gestation served as positive controls for AT 1R and AT2R, respectively (14) . We examined ␣-actin, myosin, tubulin, and GAPDH as loading proteins; however, each was modified by pregnancy (data not shown). We were unable to identify another VSM protein unaltered by pregnancy; thus, we loaded the same quantity of soluble protein from all samples and only made comparisons within a single gel (14) . Thus, comparisons in subtype expression are always made on a single immunoblot to decrease variation in protein transfer or antibody affinity between immunoblots that might alter densitometry measurements.
Statistics. Two-way ANOVA for multiple groups (ANG II) or repeated measures (KCl and NE) was used to construct and compare dose-response curves for KCl, NE, and ANG II in nonpregnant and pregnant arteries and between third generation and precaruncular/ placental arteries. When significance was observed by ANOVA at P Ͻ 0.05, multiple comparison procedure was used to isolate groups and doses and to determine differences between groups. Data obtained for protein contents were analyzed by Student's t-test. Data are presented as means Ϯ SE.
RESULTS

UVSM contractile responses.
Contractile responses to KCl, NE, and ANG II were quantified in endothelium-denuded third generation uterine artery rings from nonpregnant and term pregnant sheep and in precaruncular (nonpregnant) and placental (pregnant) artery rings. KCl elicited dose-dependent contractions in third generation uterine (Fig. 1A) and precaruncular/placental (Fig. 1B) arteries from nonpregnant and term pregnant sheep (P Ͻ 0.001, 2-way ANOVA). However, con- tractile force generation by third generation and placental UVSM from term pregnant animals were threefold greater than nonpregnant proximal and precaruncular UVSM (P Յ 0.036). We then compared differences in contractility within the UVB of nonpregnant and pregnant animals. KCl-induced stresses in third generation UVSM rings were greater than either precaruncular or placental responses (P Յ 0.008, 2-way ANOVA).
NE also caused dose-and pregnancy-related increases in VSM contractions in third generation ( Fig. 2A) and precaruncular/placental (Fig. 2B) artery rings from nonpregnant and term pregnant animals (P Ͻ 0.001, 2-way ANOVA). Notably, responses by pregnant third generation UVSM were more than twofold greater than nonpregnant. Furthermore, NE-induced contractions within the nonpregnant and pregnant UVB, e.g., third vs. placental, did not differ (P Ͼ 0.1, 2-way ANOVA).
Although ANG II elicited a modest dose-effect in third generation UVSM rings from pregnant sheep ( Fig. 3A ; P Ͻ 0.02, 2-way ANOVA for multiple groups), contractile responses were only significant at 10 Ϫ5 M, which was threefold greater than responses by nonpregnant third generation UVSM. There was no dose-or pregnancy-effect of ANG II in precaruncular or placental VSM from nonpregnant and term pregnant animals, respectively ( Fig. 3B ; P Ͼ 0.1, 2-way ANOVA for multiple groups). Within the nonpregnant and pregnant UVB, third generation responses exceeded those in precaruncular and placental VSM rings (P Ͻ 0.04, 2-way ANOVA for multiple groups). The maximum response to ANG II by either artery was Ͻ 20% of maximum KCl responses.
We were especially interested in the differences in UVSM sensitivity to NE and ANG II within the pregnant UVB (32, 36, 40, 47) ; thus, we compared contraction responses in third generation and placental UVSM rings (Fig. 4) . NE elicited dose-dependent contractions in third generation UVSM that were more than sixfold greater than responses to ANG II ( Fig.  4A ; P Ͻ 0.001, 2-way ANOVA for multiple groups), which were not dose dependent. When placental VSM rings were examined, NE-induced contractions were 20-fold greater than ANG II ( Fig. 4B ; P Ͻ 0.001, 2-way ANOVA for multiple groups), which again did not elicit a dose effect.
ATR subtype expression and function. Few investigators have examined ATR subtype expression across gestation (8) , and none have looked within the maternal UVB. We studied UVSM from nonpregnant, early pregnant at 55 days gestation, midpregnant at 85-90 days, and term pregnant at ϳ145 days. There was no difference in ATR subtype expression in third generation UVSM ( Fig. 5 ; P Ͼ 0.1) or precaruncular/placental VSM ( Fig. 6 ; P Ͼ 0.1) across pregnancy. Additionally, ATR subtype expression in third generation and placental artery VSM did not differ at any time (P Ͼ 0.1). Although the densitometry suggests AT 2 R exceeds AT 1 R greater than threefold within each group, this cannot be accurately assessed by immunoblot analyses (see DISCUSSION). Fig. 6 . Immunoblot analysis for AT1R () and AT2R (□) expression in precaruncular and placental artery smooth muscle during ovine pregnancy. Immunoblots and summary densitometry results are illustrated. There is no significant difference in AT1R or AT2R subtype expression across pregnancy or between nonpregnant precaruncular and term pregnant placental arteries (P Ͼ 0.1, n ϭ 3-4 in each group). Data are means Ϯ SE. Both ATR subtypes are expressed in UVSM throughout reproduction and pregnancy; thus, we determined whether there was a functional interaction between subtypes during ANG II exposure as reported in small mammals (5, 10, 56) . We first examined the effects of subtype inhibition on ANG IImediated contractions in third generation (Fig. 7A ) and placental (Fig. 7B) arteries from term pregnant sheep. Losartan, the AT 1 R specific inhibitor, blocked ANG II-induced contractions in endothelium-denuded third generation and placental artery rings ( Fig. 7; note the 3-fold difference in the y-axis) . AT 2 R inhibition with PD123,319 did not increase ANG II-mediated contractions in either artery at varying doses of ANG II. Neither inhibitor altered basal tension, P Ͼ 0.1.
Peripheral vs. uterine artery contractile responses to ANG II. Systemic responses to infused ANG II in pregnant women
and sheep exceed responses in the UVB, suggesting differences in vascular sensitivity due to greater AT 1 R expression in systemic vs. UVSM (8, 15, 20, 33, 36) . Few investigators, however, have directly compared uterine and systemic VSM sensitivity to ANG II. We, therefore, studied carotid and posterior popliteal arteries from pregnant and nonpregnant animals, respectively. ANG II-mediated contractions were more than fourfold greater in carotid vs. UVSM rings ( Fig. 8A ; P ϭ 0.01) and were abolished after preincubation with losartan. AT 2 R blockade did not enhance contraction responses to ANG II. Immunoblot analysis demonstrated a twofold greater expression of AT 1 R in carotid VSM vs. a 6.5-fold greater expression of AT 2 R in UVSM ( Fig. 8B ; P Ͻ 0.001). Since interactions might occur between the endothelium and VSM in response to ANG II (5, 10), we examined ANG II contraction responses in endothelium-intact popliteal and third generation uterine arteries (Fig. 9) . ANG II-induced contractions in popliteal arteries were 3-to 4.5-fold greater than UVSM (P Ͻ 0.05). Losartan blocked ANG II contractions in both arteries; AT 2 R blockade, however, had no visible effects on ANG II-mediated contractions, i.e., they did not increase.
Smooth muscle protein. Contractile responses to KCl, NE, and ANG II by third generation UVSM increased ϳ2.5-fold at term gestation. Thus, we examined two aspects of vascular remodeling, i.e., the content of total and soluble protein and actin/myosin (1, 2) (Fig. 10) . Soluble protein content was Ն 1.5-fold greater in third generation UVSM from term pregnant vs. nonpregnant sheep (P Յ 0.01). This was paralleled by approximately twofold increases in actin and total myosin content in UVSM from term pregnant sheep (P Յ 0.006). There were no changes in the placental artery VSM (P Ͼ 0.4).
DISCUSSION
Uterine vascular responses to ANG II are attenuated in pregnant women and sheep compared with the peripheral vasculature (20, 36) . In contrast, the pregnant UVB, is more sensitive to ␣-agonists than the systemic circulation (32, 40, 43, 47) . The mechanisms responsible for these differences in uterine and systemic vascular sensitivity to ANG II and ␣-agonists remain unclear. Using binding assays to assess ATR subtype expression, Cox et al. (15, 17, 18) suggested this was due to predominance of AT 2 R in UVSM (Ͼ85%) vs. AT 1 R in peripheral VSM (Ͼ95%) and thus, the inability of AT 2 R to mediate ANG II contractions. No one, however, has examined AT 2 R expression within the UVB or across pregnancy, and few have determined whether differences exist in ANG IIand/or NE-mediated responses by proximal uterine and placental arteries. In the present study, UVSM ATR subtype expression was similar throughout the UVB of nonpregnant and pregnant sheep and unchanged during pregnancy. Moreover, attenuated ANG II-induced contractions by UVSM were inherent within the UVB, associated with apparent AT 2 R predominance, and less than responses to KCl and NE and peripheral VSM responses to ANG II. Unlike ANG II and KCl, NE-induced contractions were similar in proximal uterine and placental VSM. There also was a pregnancy effect in third generation responses to each agonist that paralleled increases in VSM actin/myosin and soluble protein, suggesting arterial remodeling. Thus, AT 2 R predominance throughout the ovine Fig. 8 . Comparison of (A) ANG II-induced contractions by denuded third generation uterine (, n ϭ 6) and carotid (□, n ϭ 4) arteries from term pregnant sheep and the effects of receptor subtype inhibition with losartan (LOS) or PD123,319 (PD) on carotid responses to ANG II and (B) AT1R and AT2R subtype expression in uterine (n ϭ 5, ) and carotid (n ϭ 5, □) vascular smooth muscle. Immunoblots and summary data for densitometry are presented. *P ϭ 0.01 compared with uterine artery. Different letters represent significant differences by ANOVA, P ϭ 0.002, for comparison of responses to ANG II after ATR subtype inhibition. Data are means Ϯ SE.
UVB contributes to inherent ANG II refractoriness, differences between uterine and systemic ANG II sensitivity, and greater NE-vs. ANG II-mediated responses within the UVB.
Plasma ANG II levels double in pregnancy (4, 28, 29, 35, 43) ; thus, ATR downregulation could explain the attenuated systemic and UVB responses to infused ANG II in women and sheep. Baker et al. (4) observed downregulation of platelet ATR binding in pregnant women, but were unable to study blood vessels. We (28, 41) did not find changes in ATR binding density in uterine or systemic VSM during ovine pregnancy; but affinity was less in uterine vs. mesenteric VSM, which could contribute to differences between the UVB and systemic vasculature. Cox et al. (15, 18 ) also found no differences in total ATR binding in UVSM from nonpregnant and term pregnant women and sheep. Burrell and Lumbers (8) , however, suggested that binding density increased in endothelium-intact ovine uterine arteries but not systemic arteries. They later reported that UVSM binding density was unchanged in ovine pregnancy (33) . If ATR expression by immunoblots reflects binding density, we provide further evidence that ATR expression is unchanged not only in third generation UVSM, but also precaruncular/placental VSM during ovine pregnancy. Similar findings have been observed in human UVSM (42) .
If total ATR binding is unchanged in pregnancy, there may be changes in the relative expression of AT 1 R and AT 2 R. We cannot measure the relative subtype expression with immunoblots due to differences in antibody affinity and protein transfer; nonetheless, it is notable that with similar protein loads, AT 2 R density in UVSM is consistently more than threefold greater than AT 1 R. The converse was seen in carotid VSM and is consistent with binding studies (15) . If subtype protein is unchanged across pregnancy and within the UVB, the relative amount of ATR subtype is unlikely to change, i.e., AT 2 R will account for Ն80% of UVSM ATR expression at all times. This is consistent with other reports (6, 52) but differs from Burrell and Lumbers (8) who reported increases in intact uterine artery AT 2 R expression in pregnant ewes. If AT 2 R cannot mediate contractions, are predominant throughout the UVB, and are unchanged in pregnancy, then the attenuated ANG II-induced contractions in nonpregnant and pregnant UVSM are likely due to the paucity of AT 1 R, confirming in vivo observations (36, 46) . This is supported by studies of ovine and human myometrium in which increases in AT 1 R binding from 15 to 80% during pregnancy parallel increases in ANG II-induced contractions independent of AT 2 R activation (13, 18) . This is further supported by the differences in subtype expression and function in uterine and peripheral arteries. AT 2 R predominance is an attractive explanation for the attenuated UVSM responses to ANG II; however, AT 2 R activation might contribute by increasing endothelial NO synthesis and VSM relaxation (5, 10) . For example, AT 1 R blockade in rodents induces vasodilation after ANG II exposure, and AT 2 R blockade enhances pressor responses (56) . In addition, AT 2 R Ϫ/Ϫ mice have elevated blood pressure and enhanced pressor responses to infused ANG II (5, 10), and in pregnancy, blood pressure does not fall in midgestation (39, 40) . In the present study, neither AT 1 R nor AT 2 R blockade altered baseline UVSM tension. Although AT 1 R blockade inhibited ANG II-induced contractions in all arteries, ANG II did not cause vasorelaxation. Notably, AT 2 R inhibition did not enhance ANG II-induced contractions in uterine or peripheral VSM in the absence or presence of endothelium, confirming studies in intact pregnant ewes (16) . It is unclear why our results differ from those by other investigators studying sheep (27, 33) . The differences with small mammals may reflect species specificity (37) . Importantly, similar findings occur in human UVSM (42) .
ANG II minimally affects placental blood flow in intact pregnant ewes (46) . We now report that the ovine placental VSM is unresponsive to ANG II and less responsive to KCl than proximal uterine arteries. This refractoriness insures the maintenance of placental perfusion in the presence of elevated circulating ANG II in pregnancy. Surprisingly, sensitivity to NE was similar throughout the UVB, and placental responses were 20-fold greater than ANG II. This responsiveness by the maternal placental vasculature to ␣-agonists also occurs in intact pregnant Rhesus monkeys (34, 54) . We believe the difference in sensitivity is related to the "flight or fight" response. UPBF accounts for ϳ25% of cardiac output at term and placental blood flow for 90% of total UPBF (48); thus, ϳ2 liters of blood can be rapidly redistributed for emergent needs.
Although AT 1 R expression was unchanged, contractile responses to ANG II by third generation UVSM increased approximately twofold at term, paralleling similar increases to KCl and NE. This was associated with increases in UVSM actin/myosin and cellular protein content, suggesting vascular remodeling (1, 2) . The increase in cellular protein suggests VSM hypertrophy and/or hyperplasia (24) , which will be examined in future studies. This was not seen in placental VSM, although 90% of UPBF travels in these arteries (43) . Thus, vascular remodeling is not solely due to flow-mediated mechanisms. Our data also suggest that proximal uterine arteries contribute to UPBF regulation in pregnancy (38) .
Perspectives and Significance
Fetal growth and well-being and thus, survival of mammalian species depend on establishment of the fetal and maternal placental vasculature, the subsequent growth of the fetalplacental vascular bed and progressive vasodilation of the maternal placental arteries, and the maintenance of UPBF to insure placental oxygen delivery and fetal uptake (43) . We have shown that the maternal UVB is inherently refractory to the constricting effects of ANG II throughout reproduction, including pregnancy when plasma ANG II increases approximately threefold, and this may reflect the more than fourfold greater expression of AT 2 R vs. AT 1 R within the UVB. Unlike in small mammals, this is not due to AT 2 R-induced vasorelaxation (5, 10), but rather a paucity of AT 1 R (13, 18) . In contrast, the systemic VSM, which is predominantly AT 1 R, contributes to basal vascular tone and blood pressure during pregnancy. In contrast, the UVB is inherently sensitive to ␣-stimulation, which may contribute to maternal adaptation and survival during stress. Similar findings occur in human UVSM, raising important questions about the role of increased sympathetic outflow and altered UPBF in the pathogenesis of fetal growth restriction in women with preeclampsia and/or hypertension (23, 42, 50) . These findings also suggest that ␣-agonists may not be appropriate pressor agents in treating hypotension in pregnancy. They not only constrict the entire UVB, but also cross the placenta and directly affect fetal placental blood flow (34, 54, 55) . Thus, ANG II may be the preferred pressor since clearance occurs across the placenta (45, 51) , fetal effects are uncommon at pressor doses (39) , and pressor effects exceed responses in the UVB (20, 21, 36) . Finally, these studies again demonstrate the striking similarities in the cardiovascular system of pregnant women and sheep (49, 15, 18) .
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